Summary. In order to elucidate possible physiological roles of metallothionein (MT), we have studied immunohistological localization of M T in the eye of the rat, using an avidin-biotin peroxidase complex method. As a result, strong M T immunostaining was observed in the epithelium of the lens and cornea. In the retina, considerably strong MT immunostaining was observed in the pigment cell layer while the nerve fiber layer and inner plexiform layer showed weak M T staining. Glial cells in the optic nerve were found to have marked M T staining. The present result is consistent with the hypothesis that M T may be involved not only in activation of zinc enzymes and cell proliferation through supply of zinc ions, but also in a protective mechanism in the blood-retina barrier.
Introduction
Metallothionein (MT) is a group of low molecular weight proteins, with a unique amino acid composition such as a large content (approximately 30%) of cysteine residues, which endows M T with a very high affinity for heavy metals such as zinc (Zn), copper (Cu) and cadmium. Another unique property of MT is the inducibility upon exposure to these heavy metals as well as in response to various endogenous factors. M T is present in various biological species, and is always found to contain Zn ions, supporting the idea that MT may be associated with essential physiological roles by storage and supply of Zn ions (Bremner 1987) .
If MT is closely associated with Zn metabolism, the protein is expected to be localized in tissues that are abundant in Zn ions. In fact, MT is localized in Paneth cells of the small intestine (Danielson et al. 1982; Nishimura et al. 1989a ) and in the dorsolateral lobes of prostate (Umeyama et al. 1987; Nishimura et al. 1990 ), the tissue which are known to be rich in Zn. Furthermore, Offprint requests to : C. Tohyama MT concentrations were found to parallel with Zn concentrations in actively proliferating and differentiating tissues such as those under developmental stages and partially hepatectomized rat liver (Nishimura et al. 1989a; Tohyama et al. 1989 ). In the eye, the presence of a protein similar in physicochemical properties to MT was found in the extract from the bovine retina in which relatively large amounts of Zn ions are present (Takahashi et al. 1988) . Thus, in the present study, using an immunohistochemical technique, we have investigated characteristic localization of MT in various tissues of the eye of rats and also discussed a possible link of M T with physiological processes.
Materials and methods

Reagents
Goat normal serum (Cat. No. S-1000), biotinylated goat anti-rabbit IgG (Cat. No. BA-1000) and avidin-biotin peroxidase complex (ABC) kit were purchased from Vector Laboratories (Burlingame, Calif., USA), and FITC-labeled sheep anti-rabbit IgG antibody and sheep control serum were purchased fi'om Cappel Laboratories (Cat. Nos. 1212-0084 and 0112-0084, respectively; Chochranville, Pa., USA). Isoforms of MT, or MT-1 and -2, were highly purified from the cadmium-treated rat liver by the method described earlier Shaikh 1978, 1981) with modification: a Sephadex G-75 column chromatography step was repeated twice and a step of preparative gel electrophoresis was omitted. The two isoforms of MT were designated as MT-1 and -2 according to the order of elution from an anion-exchange (DEAE A25) column (Tohyama and Shaikh, 1978; see reviews K~igi and Nordberg 1978) . Other reagents were of analytical grade.
Immunohistochemical staining
Male Wistar rats (8 weeks old) were purchased from Shizuoka Laboratory Animal Center. All the tissues were fixed in 10% buffered formalin and embedded in paraffin. Deparaffinized 5 gm thick tissue sections were subjected to immunohistochemical staining with the ABC method or an indirect immunofluorescent technique as described earlier (Nishimura et al. 1989 a, b; ).
All tissue sections were counterstained with hematoxylin after immunostaining. Since results obtained by the indirect immunofluo-rescent technique were essentially the same as those by the ABC method, the pictures obtained by the ABC method are used in the present paper.
Antisera against rat MT-1 were produced in rabbits, according to essentially the same method as described earlier Shaikh 1978 and , except that MT-1 was conjugated with crude extract from ascarides, a common roundworm, by the use of glutaraldehyde. Two types of immunohistochemical control tests were carried out as described earlier : (1) replacement of the rabbit antiserum produced against MT-1 with preimmune rabbit serum and (2) use of the rabbit antiserum preabsorbed with another isoform of rat MT, i.e. MT-2. Since MT-2 was found to completely cross-react with the antiserum against MT-1 ( Tohyama and Shaikh, 1981) and MT-I preparation was used for immunization, it was an advantage to use MT-2 rather than MT-1 for the preabsorption.
Results
When preimmune rabbit serum was used to examine specificity of the first antiserum, no immunostaining was observed in the eye tissues such as cornea, lens and retina (Figs. / a, 2 a, and 3 a, respectively). Furthermore, when the first antiserum preabsorbed with rat MT-2 was used, MT immunostaining intensity decreased in a direct relationship with the amounts of MT-2 used for absorption, and became undetectable at the appropriate amounts of MT (data not shown). These data indicate the specificity of the antiserum.
Localization of MT in the cornea is shown in Fig. 1 . Strong MT immunostaining was observed in the corneal epithelium (arrow) and endothelium (arrowhead). Staining intensity differed among cell layers in the epithelium, and cells closer to the basal cell layer showed stronger intensity. No positive staining was observed in the substantia propria of the cornea and Descemet's membrane (Fig. 1) .
In the lens, MT was localized in the epithelium (Fig. 2b, arrow) . The presence of MT was also shown in the lens fibers (Fig. 2 c, arrow) localized in the region posterior to the equator, but no MT immunostaining was detected in the anterior and central regions relative to the equator. No MT immunostaining was observed in the lens capsule (Fig. 2c) .
In the retina (Fig. 3b) , MT was localized not only in the nerve fiber (arrowhead) and inner plexiform layers (asterisk) but also in the pigment cell layer (arrow). No immunostaining was observed in other cell layers. Furthermore, glial cells in the optic nerve also showed the presence of MT (Fig. 3 c, arrow) .
Discussion
The present result indicates the localization of MT in the basal layer of the epithelium of cornea that is comprised of stratified squamous cells (Fig. 1) , In the basal layer, mitosis is observed under normal physiological conditions (Hanna et a l . / 9 6 / ) and dividing cells migrate from the basal layer to the surface for the turnover which takes 3 to 4.5 days for replacement of all the cells (Hanna and O'Brien/960). Weak MT immunostaining was observed in the rat epidermis in which keratinocytes are (Bloom and Fawcett /986) . It is conceivable that the relatively long turnover of the epidermis compared to the corneal epithelium may account for weak MT immunostaining in the former tissue. Topical application of either tetradecanoyl phorbol ester, a potent cancer promoting and hyperplasia-inducing agent, or cholera toxin, a strong hyperplasia-inducing agent to mouse skin results in activation of cell divisions in the basal layer, in which one or two layers of epithelium proliferates into 6 to 7 layers. Under this condition, 3H-thymidine was found to be incorporated into cell nuclei and MT immunofluorescence was observed in the actively dividing basal cells (Karasawa et al. /988; Nishimura et al. /988) . Interestingly, 4-O-methyl-tetradecanoyl phorbol ester and benzoylperoxide, cancer promoters that do not have capacity to cause hyperplasia did not give rise to MT gene expression (Karasawa et al. 1990 ). These and the present results suggest that MT is not involved in cancer promotion, but associated with cell proliferation in the basal cell layer.
In addition, the presence of MT was found in the epithelium and fibers of lens (Fig. 2) . The lens epithelium consists of a single layer of a homogeneous cell population, which is a useful experimental model for studies on cell proliferation. In fact, cytological and autoradiographic studies have revealed high proliferation capability of the lens epithelium of various animal species under normal conditions as well as pathological circumstances (Hanna 1965) . By autoradiography 3H-thymidine was found to be incorporated at first into cells of the proliferating zone located just anterior to the lens equator, and then into lens fibers located posterior to it (Mikulicich and Young 1963) . Lens fibers are continuosuly differentiated from lens epithelium and proliferating lens fiber cells are demonstrated to be active in ribonucleic acid and protein synthesis (Hanna 1965) . The presence of MT in the cells may indicate the possibility of its association with cell proliferation.
There are several reports which suggest a possible role of MT in activation of Zn-enzymes (Udom and Brady 1980; Li et al. 1980; Goering and Fowler 1987) . In the present study, MT was found to be localized in the pigment cell layer of the retina. Carbonic anhydrase, which has been used as an indicator for the presence of Zn in tissues, was shown to be very active in the pigment cell layer (Bhattacherjee 1971) . Furthermore, degradation of rhodopsin and synthesis of retinyl esters, a precursor of rhodopsin, take place in this cell layer. In the synthesis of the retinyl ester, retinol dehydrogenase, another Zn-enzyme, is engaged, and localization of this enzyme was shown by biochemical (Lion et al. 1975) and histochemical (Kissun et al. 1972) methods. Therefore, the present finding on localization of MT in the pigment cell layer may reflect the possibility that MT may act as a donor of Zn to activate these Znenzymes. With regard to this possibility, MT has been considered to have some physiological functions by supplying Zn to cell proliferation and differentiation because some enzymes responsible for the synthesis of nucleic acids and proteins require Zn ions (Ohtake et al. 1978; Brady and Webb 1981) .
It has also been considered that MT plays a protective role against insults from harmful physical and chemical agents. For example, lens and cornea are continuously exposed to ultraviolet and X-ray radiations that produce free oxygen radicals in these tissues. It has been suggested that MT may scavenge the free radicals which are produced by ultraviolet and X-ray as well as anticancer drugs (Thornalley et al. 1985; Matsubara et al. 1988; Naganuma et al. 1988) , and thus it is conceivable that MT found in the lens and cornea may act as a free radical scavenger.
Our studies revealed a characteristic localization of MT in the retina (Fig. 4a) and placenta (Roelfzema 1989) , both of which are known to function as a barrier against toxic substances (Bloom and Fawcett 1986 ). In the retina, MT was found in the pigment cell layer that is responsible for preventing the influx of toxic substances into the retina. In the placenta, transfer of Cd was considered to be trapped by MT, in a dose-dependent manner, in the cells around blood vessels. Recently, we have found that in the brain of rats treated with mercury or Cd compounds, MT was present not only in the ependymal cells, but also in the pia mater, arachnoid and endothelial cells of the capillary (Nishimura et al. 1990; Tohyama et al. 1991) . The observations that MT is present in the tissues which have barrier functions may indicate that MT plays a role in detoxification of heavy metal ions in the barriers.
The present study clarified the localization of MT in specific cells in lens, cornea and retina. The results are consistent with the hypothesis that MT takes part in all or one of the physiological roles, such as detoxification of heavy metals, Zn transport for biologically fundamental metabolism and scavenging of active oxygen species, in the eye tissues as well.
